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NEW NANOTUBE-B ASED VACUUM DEVICES 

ReM of the invention 

This invention relates to new devices for vacumn electronics In parti^^ 
nanotubes as cold emission electron sources in the two- and three- tenniiial devices. 

Background of the invention 

The nanotubes are viewed to be a new approach in electronics with potential to 
drastically extent the jErequency rax^e of modem electronic devices* Such unique 
propertks as quantization of the electron spectrum, ballistic electron i:^p£^atk)n along 
the tube, current densities as high as 10^ A/cm^, existence of the semicondxictor phase» 
possibilities for and p- dopmg and &hrication of transistors^ niake the nanotubes a 
great candidate for fiiture high-speed device technolc^. 

Another very inQX>rtant q^lication of the ntanotubes is cold cathodes, which are 
based on low threshold election field enus$k>tii due to stroi^ electrical fieU focusii^ at 
the nanotube end. Due to extrernely snnll nanotube diameter, about Inm for a siogle 
walled xmnotube, the electron emission threshold fit>m the nanotube is within O.I-I V per 
micron of the anode-caihode space. This technology is currently under intense 
investigatbn for application to the jSat panel displays. 

It looks very promising to combine the solkl-state device technobgy and cold cathode 
emission in a single device to produce a new approach in a hybrid, vacuum electronics^ 
where the nanotube will be considered as an electron source. This approach will be 
extremely helpful in overconung fundaxnental problems of the Si-bascd electronics. 

The electron velocity in vacuum as high as of 1 0^ cm/s can be achieved, which is two 
orders of ms^nitude larger than electron velocity in the FET channel This is a key fictor 
for dramatic increase of the device operatbnal frequency range* Additional^, due to 
vacuum dielectric constant equal to one, and ^)edfic vacuum device design capabilitks» 
the iiq>ut c^)acitances can be signi&antly reduced. There is no need in this case for 
decreasing the gate length to a sub-micron distances to increase the device frequency 
band wklth, and hence much more relaxed device processing can be hnplCTented. In 
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addidon, higb anode (output) voltages and currents, inudi grater than m Si FETsj are well 
wfthin the capabilities of vacuum electromcs. Finally, sbce the mechanism of electron 
field ©mission is essentially temperature independent, the tenqjeratunj range of operation 
of tte propo scd l^iaid devices wffl be much larger than that in similar Si- based devices. 
The problem of vacuum electronics is related to a reliable and co^^>act electron source, 
to replace the commonly used hot filament cathode. The obvious ahemative to the hot 
cathode is the cold cathode, which is typicaify fomwd as a metal tip fiom vMOi electrons 
are extracted with the gate electrode, see e,g, C,A.Spind, US patent #3755704. However, 
such a design has fimdamental problems of a fiigh iiq>ut (emitter-gate) c^^iacitance and 
relatively high threshold voltage for electron emissbn. In addition^ this structure is three- 
dimensional and requires complex technique for its fihrication* not conQiatible with 
modem planar semiconductor IC technology. It se^ therefore extremcfly attractive to 
attach in^roved^ the nanotube-based, cold cathode enutter to a vacuum device fefrricatcd 
with modem planar semiconductor IC techniques, to combine the best properties of the 
two technobgies. 

There have bera sevo»l patents and putdicationSy in which the nanotubes have been used 
as the electron source in the vacuum devices. The overwhehniiig m^riiy of them is 
related to the field ^nission displays^ is currently the most advanced area for the 
field emission a^lications. 

Several patents also utilize the nanotubes as electron sources in the vacuum electronic 
devices, such as MTakai, US patent # 2003/0090190A1; ICMC2ioi et al, US patent # 
6504,292; CBower et al, US patent #6630772; SJin at al US patent #6250984; 
E.Howard et al US patent # 6626720; L,Karpov et al US patent #6607930, RM.Howard 
et al , US patent #662672081 and S.MO'Rourice, US patent #6406926. 
There are several fundamental foctors however ^^h sq^arate the iHt>posed devices, 
according to the present invoition, firom the previous art 

1. In all the dted patents^ the gate (input) electrode is made essential^ 

cathode electrode, thereby making the input capacitance high and reducing the 
frequency of the device operation. In the proposed devices, the design is such that 
both izqiut and output capacitances are minimizedL 
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2. In an tbe ched patents. Ite lanotubes are deposit 

m hOsmmms mass in the fonn of an ink, powder, shmy, or 
electiophoretically. TWs significamiy reduces the nanotube efiBdency. In the 
proposed device, according to the present invention, each nanotube is treated 
individually and properly positioned to enhance the device performance. When 
multiple nanotubes are used, they represent an array of individiial nanotubes 
grown on the preJiminaiy prepared pads of a catalytic material This kopSes that a 
single nanotube is sufiBcient fer the device operation, and the nanotube anay is 
used only to proportionally increase the emission current 

3. In aH the cited patents, the controlling gate electrode serves to extract el^ 
fiom the nanotube, which inevitab^ creates undesirable effect of cuncnt leakage 
to the gate electrode. In the proposed devices, according to the present invention, 
the role of the gate electrode is wider and depends on the physical mechanisms 
involved. In some devices considered, the gate electrode can be biased negatively 

and thereliy quenches the current to the anode. In this case, there is no cun«nt to 
the gate, which is an important fector for many three-terminal device appUcations. 
In one device presented, the gate voltage is applied to the nanotube itself through 
the fihn of an insulator, like in a regular FET. In another device, representing a 
new ballistic electron source, the controlling electrode is attached dnectfy to the 
nanotube to produce a potential difference atong the nanotube. Finally, in one of 
the three-terminal device designs, the gate is biased positively and extracts 
electrons from the nanotube therein serving as a part of the Section cold cathode. 
AM these features imply that the scope of physical processes considered in the 
iwesent inventbtt is much greater than those discussed in the cited patents. 
In the cited patents, the described methods of the device fifancaticm iochide the 
procedure of nanotube placement onto the emitter metal pad somewhere in the 
middle of the device processing, after which other steps, including 
photolithogr^hy. are made. The subsequent technological operations after 
nanotube placement are known to adversely aflfect the nanotube eiBdency as an 

electron source. In the proposed devices, the nanotube placement or growth is the 
last processing step m tte device febiication. 
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F^. A (Prior art) clearly draaonstiates typical s^pioach in jnakuig the nanotube based 
vacuum devices using multiple nanotubes deposited or grown on the eutii^ cathode 
sur&ce, see US patent 6626720. The iiq>ut capacitance of such a device is lelaiivoly high. 
The nanotube placement is followed by sev^al processing steps, v^hich may degrade the 
nanotube performance, 

Summarv ftf the invention 

Hie presented belo^ device structures have in common one inp>rtant element^ namely, 
the nanotube as an electron souroe» fiom which electrons move in vacuum to the 
positive^ Uased anode electrode. The nanotubes are placed or grown on the cathode 
metal electrode in close proximity to the gate electrode (or anode electrode if the diode is 
under consideration), to minimize the threshold voltage for the electron emission. 
In the devices discussed bebw, according to the present invention, the nanotubes are 
treated hidividualfy, so that a single nanotube is sufBcient for the device operation. The 
important feature in the m^tjority of presented device des^ns is extremely low input and 
output c^acitances to maximize the device speed (see below). The nanotubes are placed 
or grown on the cathode electrode, while aH other elements are made using modem 
planar batch febrication IC technology. This is an important fector for future possibilities 
of mass production of nanotubo-based, hybrid, high-speed vacuum electronic devices and 
circuits* Furthermore, the growrth of the nanotubes in predetermmed positions using e- 
beam lithography, provides the entire device ^bdcation cycle for industrial production. It 
is also important that the number of steps for the devfee &hrication is veiy limited: one 
needs 3-4 photolithograjdiy masks v^sus 10-11 masks for the Si-based transistor, while 
the most ^propriate substrate for vacuum devices is a piece of glass. These &ctors make 
the manufacturing cost for these devices significantly bwer than thai for the Si-based 
electronics. 

The miique property of the proposed hybrid devices is extx^mely sbsep dependence of 
the electron fieU emissfon current on the cathode-anode voltage, which oxiginates fiom 
the mechanism of electron field induced tunneling into vacuum ^i^iich is determined by 
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the well known Foufer-Nordheim I- V dependence. This dependence is zouch sharper 
typical eTcponenlial curve of the forward bias senuconductor diode at room temperature, 
exp(eV/kT). This yields much high^ rectiGcation ratio than in semiconductor diodes. 
Taking into account small, less then micron, anode-cathode distances, one can obtain the 
threshold for the current emission from the nanotube within a fraction of a volt, and thus 
create the most efficient and the festest diode, fer si^perfor than typical Si p-n diode or 
any SclK)ttky dk>de. The same field emission mechanism provides extremely high 
transconductance for the proposed active elements, such as triodes (see below). 
It is also in^rtant that the anode can be moved away fiom the cathode and gate 
electrodes without compromising the device speed due to high electron velocity in 
vacuum. This provides an opportunity to increase the anode (ou^ut) voltage to the values 
which are not attainable in Si-based devkes. 

Planar device technology used for the proposed devices allows realization of a single 
cqyproach for making vacuum chamber as a small cavify over the device structure using 
conventional methods of dielectric coatings, vdndi significantly reduces the device 
production cost, see ItS. MuUar et al US Patent # S493177. Furthermore, in the 
structures where the cathode-anode distance is made diorter than 1 luu, and therefore 
conqxuable with electron mean fiee path in the normal atmosphere^ there is no need for 
vacuum. It is i^eforable in this case to fill the cavity with an inert gas, to minimize 
possible oxidation and degradation of the nanotube tip. 

Compute simulations of the nanotube-based diode and triode having q>ecific device 
designs, according to the present invention, show the input capacitance in the range of 
C*=l(r"F per |im gate width. Taking the triode transconductance as G-IO'^A 
/O.l V f«iiFlO'^S/|im firom the Fouler-Nordheim I-V dependence for the nanotube current 
of 1 riA, one obtains the characteristic devke delay time of t = C/G ~ KT^V This implies 
uiuque frequency band vtidth of the proposed transistors, above lem-hert2 fiequency 
range. 

The proposed vacuum device teclmotogy is entirely compatible with Si IC technology. 
All fefarication processes needed for the nanotube vacuum electronks can be produced 
on the Si substrate. The combination of both techniques can be very helpfol in increasing 
the speed of the Si-based circuitiy, as well as raising the output voltages. 
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It is ioiportant to emphasiar that the proposed devices have a huge advantage over 
senriconductor-hased diodes and transistor with respect to the temperature range of 
operation. The temperature range of semiconductor devices is controlled by the 
semiconductor energy g^. and temperature Ifanitation comes from the process of 
activation of the minor carriers across this gap. For silicon, this fector limits the 
operational temperature below In the proposed devices, the field-emission 

electron tumbling has essemialty no temperature fictor involved in the process. Tim is 
why the hybrid devices, according to the presem invendon^ 

range of operation, which is limited by such &ctors as vacuum deterioration, material 
degradation or rise of hot electron emission fiom the cathode. These &ctois may become 
significant at tlffi temperatures exceeding 400 

Finally, although only two- and three-tenmnal devices are discussed below, it is 
understood that more complex, multi^fectrode device designs can be implemented 
^within die san^ approacL 

The designs of the proposed devices, according to the present invention, are such that the 
direction of electron fluxes in vacuum can be different, depending on the device 
configuration and geometry. In some designs, the electrons propagate laterafly. abng the 
substrate plane. In other designs, electrons move normally to the substrate. FinaBy. there 
are device configurations v/hac the electrons are extracted from the nanotubes noima^y 
and thai turn laterally to reach the anode. AH the device configurations considered have 
in common two important features, namclj^, towthrcsaiold for the electron eraissfen and 
very low iiqmt c^>adtance. 

The main objectives of the present invention are to present novel nanotnbo-based. hybrid, 
vacuum electronic devices, as weB as discuss their inain functions 
of their mami&cturiiig. Below in this section, the presented devices are listed and 
numerated, while the device operation wifl be analyzed later in ooi^unction with the 



Diode 1 with the nanotube (or nanotube array) placed on the cathode electrode. 
Diode 2 with nanotube (or nanotube array) grown on the cathode electrode. 
Triode 1 vrith nanotube (or nanotube array) placed on the cathode electrode. 
Triode 2 with nanotube (or nanotube array) grown on the cathode electrode. 
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Triode 3 with gate electrode on the naziotube. 

Triode 4 with ballistic electron propagation m the nanotube. 

Brief descriptioD of the drawings 

Fig.l shows the Diode 1 with the nanotube placed on the cathode electrode. 

Fig.2 shows the Diode 1 with additiottd conducting layci on top of the nanotube. 

Fig.3 shows the Diode 2 with the nanotube grown on the cathode electiode. 

Fig.4 shows the Diode 1(a) and Diode 2(b) with nanotube t^s coated with conducting 

layer. 

Fig.5 shows the Triode 1 with the nanotube placed on the cathode ekctrode. 
F^,6 shows the Triode 2 with the nanotube grown on the cathode electrode. 
Fig.7 shows the basic &brication steps for the Triode 2. 
Fig. 8 shows the Triode 3 with the gate electrode placed on the nanotube. 
Fig. 9 ^ws the energy band diagram for the ballistic electron propagation 
abng the nanotube. 

Fig.lO shows the Triode 4 with ballistic electron propagation in the nanotube. 
Detailed de scription of the inventiOQ 

The majority of the devices presented, has in connnon an irapOTtmt feature^ namely^ 
extremely short distance between the nanotube tip and the gate electrode (or anode 
electrode, if the diode is considered) to mintmiTe the control voltage for the device 
operation. At the same time, the device design allows for low ii^ut capacitance. For that 
purpose, the cathode and the gate electrodes are laterally diified from eadi other to avoid 
their overly, while their planes are sqparated firom each oth^ hy the thickness of the 
dielectric layer. Using self-al^ method of deposition of the gate electiode (or anode 
electrode for a diode) next to the cathode electrode^ one obtaiiK the cathode-gate (anode) 
distance essentially controlled by the thickness of the dielectric fibn, which can easQy 
made widiin a fraction of a xmcroa 
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Fig.l illQstrates the prefetred embodiment of the Diode 1. The conducting fihn U of the 
cathode electrode 15 is placed on the dielectric film 12 deposited on the substrate 13. The 
substrate is preferably a piece of glass, however other materials, such as Si wafer, can 
abobeused. The conducting fflm 14 of the anode electrode 16 is placed directly on the 
substrate, so that the anode plane is below the cathode plane by a thickness of adieiectric 
fibiL 

The chosen configuration of the cathode and anode electrodes in the shape of two pages 
of an opened book ensures minimum cathode-anode capacitance. The anode electrode 
conducting fihn 14 is placed next to the cathode ©tectiode condwsti^ 
aligned layer deposition techmque. The oaootube 17 is placed on the cathode conducting 
fihn 11 Doimally to the cathode edge 18. To provHe electric field concentration at the 
nanotube tip 19, the nanotube is protruded into the area of the anode electrode 16. Such a 
des^ implies that the distance between the nanotube tq> 19 and the anode electrode is 
essentially determined by the thickness of the dietectric fifan 12, which can be made as 
thin as 0.2-0.3 (jm. If the threshold fiekl for the electron emission is taken as 1 V/nm, one 
obtains the threshold voltage for electron emission of 0.2-0.3 V, which is ck>se to the 
forward biased thre^M voltage of the Si-based diode. 

As it was mentioned above, in the presented devices both the sharpness of the I-V 
characteristic and the speed are much higher than those on the Si diode or the Schottky 
diode. F^irdiermore, since in the revise bias polarity there is no electron emission, the 
reverse biased diode cunrent will be absent. AU these features provide extremely high ac 
rectification factor r/rg where and rr are respective differential lesistaDoes in reverse 
and forward bias direction^ see e,g. S.M.S2e, Physics of Semiconductor Devices, John 
Wiley and Sons. NY. 

^tore than one nanotube can be placed in a similar position (not slwwn) to mul^ 
ouq)ut cunrent A sii^gte walkxl nanotube (vs. nmlti walled nanotiibe) is pi^^ 
its stnaller diameter and thus hig^ ekctrk feld concentration at the t^ 
Fig.2 ^ws the Diode 1, wherein the nanotube 17 is covered with additional conductive 
fihn 20 to minimize the contact leastance between the oanotube and the cathode 
conductivB 1^ 11. Low contact resistaiKe is important 6ctor for i^iiahfe and efSdent 
device opoation. 
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Fig J Show the Dk)de 2. vwherdn an anay Of the 

conductive fihn 34. The geomstiy of the cathode and anode electrodes is similar to that of 
the Diodel. However, the cathode electrode 38 is placed on the substrate 35. while the 
anode conductive film 36 of the anode electrode 39 is placed on the dielectric fihn 37. 
The nanotubes are grown vertically on the cathode conductive fihn 34 in a close 
proximity to the edge of the anode conductive fihn 36. The nanotnbe growth is activated 
by deposition of snM pads of catalytic material, typicalty tiansition 
The nanotube length Is chosen to be such that the nanotube tip 40 i«adie% or sightly 
below, the plane of the anode conducthre fihn 36 to mimmize the cathode^anode distance. 
In both above presented diodes, the nanotube tips are exposed. However, similar devices 
are capable of operation yvbea the entire nanotube inchidmg the tip is covered vwth a thm 
conductwe fihn to reduce the nanotube resistance and mcrease tbe output current 
amplitude. Fig.4 ilhjstiates two such devices. Fig.4a shows the Diode with the nanotube 

43 placed on the cathode electiode 40 as in the Diodel. The device is then coated wi^ 

thk oonductbe layer whic* covers the entire tube inctadi^ the ti^ 

Fig.4b shows another Diode version, whereto the nanotubes 44 are grown on the cathode 

electrode 42, as in the Diode 2, The tips are coated with the conductive layer 45. In to^ 
cases presented m F^g.4 the conductive material vwth a low work functbn for electron 
escape into vacuum, such as Cs, is prefemble. This will fijrther reduce the electron 
emission threshold voltage. 

The diodes designs in Figures 1-4, ilhistrate a hybrid nature of the proposed approadi, 
according to the present invention: the cathodes with the nanotubes represent a solid-state 
part of the device, while the vacuum gap between the nanotube tip and the anode bcbflg 
to the vacuum part of the device. Such a conAnoation allows ]«aIization of a new class of 
devices, superior ovw semiconductor devices m many key aspects, such as the speed, 
efBciency, cost and temperature range of oporation. 

Fig.5 shotvs the lYiodel. The devfcc structure is sunilar to that of the Diodel, to which 
additional, anode, electrode 51 is added, while the second electrode 52, coplanar with tbs 
anode electrode 51, plays the role of the gate electrode to modulate the output, anode, 
cuncnt. The conductive fihn 53 of the cathode electrode 54 is phced on the dielectric 
film 55. The top conductive fihn 56 is placed on the nanotube 57, as in the case of the 
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Diodel of Fig.29 to ensure a good etectiical contact between the conductive film 53 and 
the nanotube 57. 

In this design, it is preferable to keep the anode electrode 51 cfose to the gate electrode 52 
to induce the direct cathode-to-anode field emission current by appi)^g a sufBcient 
positive voltage to the anode 51, vjbSk small negative voltage to the gate electrode 52 
modulates the anode current. Due to low value of the gate voh^c and sharp dependence 
of the emission current on the gate voltage, one obtains a high device transconductance. 
The lateral shift of all the electrodes firom each other ensuies bw input and output 
capacitances, and together with fai^ transcondiictance, very large fiequency range of 
operation. Finally, because of n^ative gate voltage polarity, the gate cuiient is 
practically absent, an inqx>rtaDt fiictor for many circuit applications. Finally, an array of 
similar naootubes can be placed at the edge of the cadiode electrode 53 to nmitjply the 
output current (not shown). It is also beneficial to have metal type, single walled 
nanotubes to obtain the best device performance. 

In another device embodjment, a reladvely small positive gate voltage induces the 
electron emission current, and the anode voltage, larger than the gate voltage, controls the 
output current. In this case, the gate electrode becomes a part of the cold cathode^ white 
the anode coUects fiee electrons. Like in hot cathode devices, if all electrons created by 
the cathode are swept towards the amde, the I-V characteristics will show a current 
saturation. In a hot cathode approach, however, the current level is changed only by 
tenQ)crature variation of the cathode filament, while in the proposed embodiment the 
current level b modulated by a positive gate voltage. To provide a good current 
saturation in the proposed coki cathode design, one should minimize the contribution of 
the anode voltage to the gate ioduced electron extraction process. This kaplm that the 
anode electrode 51 should be moved &r enoi^ from the cathode electrode 54 to reduce 
the cathode-anode electric field. 

Fig.6 ^ws another triode version, the Triode 2, wherein the nanotubes 62 are grown 
on the cathode etectrode 64 close to the gate electrode 63. This triode is technological^ 
similar to the Diode 2. The on^ difference is addition of the anode electrode 61 as a 
collector of the electrons emitted by the nanotubes 62. The gate electrode 63, coplanar 
with the anode electrode 61, modulates the cathode-anode current. Both gate voltage 
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polarities discussed for current modulaibiii in the Triode 1, are appJkOAc to the Triode 2 
as well 

Fig. 7 illustcates the bask technological steps for &hrication of the Triode 2. The 
jH^ocessitJg starts fiom deposition of a dielectric jStn 71, foHowed by deposition of the 
conductfa^ film 72, to make the device electiodes, and then covered with the photoresbt 
73, see Fig7,l. AflCT photoresist patterning, the deposited conductive and dielectric fihns 
are etched to form a weH, see Fig.7.2, and conducting layer 74 is then deposited using 
self-aligned technique to form the gate electrode, see Fig-7.3, 

The nanotube growth procedure requires placement of seeds of a catalytic n^atexial* such 
Fe, Ni or Co. A thin fihn of such material 75 is then deposited on top of the conductive 
film 74, see Fig. 7.3. To minimize the nanotube diameter, it is preferable to make the pads 
of the catalytic material as small as possible. For that puxpose, e-beam fithogi^lQr is used 
to fehricate small size photoresist pads 76 see Fig.7.4. Then etchii^ of the layer of the 
catalytic material takes place to create small elands of the catalytic material 77 and 
fiirther reduce their size. Hie final processing step is the growth of the nanotube(s) on 
these pads, see F|g.7.S. As in previous desiigns» the electrode geometry provides 
extremely bw capacttancc^ ytMs small, less than tun, cathode-anode distance yieUs few 
threshoU for the emission curr«xL 

The Triode 3, shown in Fig.8. ilhistrates another three-terminal embodiment, wherein the 
gate electrode is attached to the nanotube through the diefectric fihn. In this case, to have 
a capaMity of variation of the carrier density in the nanotube, semiconductor nanotube is 
used^ and Hke in a conventional F£T, the gate on top of the nanotube niodulates the 
current through the nanotube due to gate induced variation of the carrier concentratiorL 
The efiect of gate-induced carrier moduktbn in tte nanotube is applied for designing a 
vacuum transistor, vsiierein the electrons from the nanotube escape into vacuum and 
reach the anode. The nanotube tip 86 is e3q)osed and protrudes into the territory of the 
anode electrode 84 to TninmiiM ^ threshold voltage for election ^ctractfen, induced hy 
the anode voltage. In th^ embodiment, the cathode electrode 85, the gate electrode 81 
and the gate insulation kyer 83 rq>resent a solid-state portion of tte device, while the 
nanotube tq[> 86 and the anode/drain electrode 84 betong to the vacuum part of the device. 
The gate modulation efficiency of the earners in the nanotube, was shown to be v^ 
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hi^ see e.g. R^RBaughman, et al. Science, V.297, p.787;2002, CBow et al 
AppLPhys-Lett. V-80, p.382;Z002, and A-Bachtold, et al Science, V.294. p.l3l7, 2001. 
The vacioim output device structure, with the anode/draia electrode separated from the 
rest ofthe device by a vacuum g^p, provides high output voltages axid high device 

The ballistic Triode 4, described in Figures 9 and 10, relies on a different mechanism of 
the electron esc£q)e into vacuimi. The electrons m the nanotube are known to move 
ballisticaOy, Le. without e^q[>eriencit>g any resistaiK^ due to strong quantization of the 
energy spectrum in the nanombe (quantum size e£^), w4iich suppresses all mechanisms 
of the electron scattering, see e.g. S JFrank et al Science V^80,p.l744,1998» and A.Urhina 
et al PlQ^RevXett V.90,p 106603- 1,2003. If the vottage ^ptted to the nanotube 
exceeds the vahie of the work fuoctiou for the nanotube, which is q> S eV (see. e.g. 
W.A.de Heer, et al Science, v.270, p.n79, 1995), then electrons, acquiring this energy 
during baflistk piX)pagation along the nanotube, win be c^pabfe of escaping into vacuum 
without any field induced electron emission from the nanotube tip. 

9 illustrates the ballistic mfgchanism of electron escape into vacuunL As shown in 
Fig.9a, with no Inas appisd^ the nanotube with two contacts is represented by the energy, 
counted from the bottom of the conduction band 90, and two barriers of energies 91 and 
92 with respective resistances Rt and Rz. sandwiched by the electron res^voirs of metal 
contacts with the top energy equal to the Fermi level Ef. This forms the electron emission 
circuit (cold cathode). The anode electrode is separated from the cathode by a vacuum 
space. 

When the voltage V2 is aM>fied to the second electrode relative to the first electrode, as 
shown in Fig.9b, the etectrons tunnel from the first electrode into the nanotube and move 
ballistically to the positivefy^ bksed second electrode, thus acquiring, like in vacuum, the 
energy eV2, Under these conditions, as in the case of a hot cathode, the electrons 
accumulating at the nanotube tq}» form an electron cloud and can be extracted from the 
nanotube into vacuum with aiiy anode voltage Va > V2. Tlie emissk>n currait is 
controlled fay the e£Bciency of the source electrode to supply electrons into the nanotube 
via electron tumieling throi:^ the barrier 9L If the barriers are equal m their tunneling 
transparencies, the ibreshokl voltage Vy, for electrons to gain the enei^ <p is Vih = 2<p/eL 
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This unique mechanism of electron emission allows the emission threshold to be 
independem of the nanotube dimensions. 

The threshold voltage however depends on the contact resistances. The minimal contact 
tesistanoe to the nanotube is quantized due to the energy spectrum quanti2ation in the 
nanotube and equal to 12,9 kOhm. Higher resistances are easily achievable. If the input 
nanotube resistance Ri (at 1* electrode, Fig.9a) is chosen to be much higher than the 
output resistance R2 (at 2"* electrode), than the applied voltage wiH drop basically across 
the resistance Ri. In this case, Va «9/e, while the output current wiH be small and 
controlled by the high resistance R^. 

The above described physical process of electron esc^ is based on the ballistic electron 
propagation in the mnotube. This assumption however may not be vaBd, at least for the 
entire electron population, as the electron energy becomes Mgh: dififei^ mechanimis of 
the electron scattering may aflfect the haffistic process and lovrar the electron energy, as 
schematically indicated in Fig.9b, The most aggressive mechaausms of the electron 
scattering are optical phonon and electron-electron scatteriflg. The latter one depends on 
the total electron concentration in the nanotube. Therefore, semiconductor type nanotube, 
where the electron concentration is relatively tow, is pieferable. It is also pieferaWe to 
have a single walled nanotube because of stronger energy quantization in it. The final 
number of electrons reaching the nanotube tip with the energy <p may be a smaB fraction 
of the entire population, like in other ballistic models for high energy electron escape into 
vacuum, see e.g. T^Komoda et al, SID-2003, p.9l0. 

To increase the probability of electron escape into vacuum^ the distance between the 
contacts should be made as small as possible. For example, for the distance between the 
contacts of 0,5 fim and the electron csc^ energy <p«5eV the traveling time alorig the 
nanotube is ~ 10*^^ s, vAnch is comparable with the characteristic time for electron-optical 
phonon scatterir^, when the electron raergy spectrum is not quantized. The quantum size 
efifect, v/tdch is a diaracteristic feature for the nanotube, will stroiigly reduce all 
scatteriqg rates for the h^ energy electrons. This applies that a realistic fraction of 
electrons would move along the nanotube hallistieany^, gain the energy <p and thus 
produce the anode current at bw anode voltages. 
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